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We report on the observation of a change in the bend angle of an RNA
kissing complex upon Rop binding using single-molecular-pair FRET. The
angular relationship between the dyes, rather than the distance between
them, is shown to be responsible for the observed change in energy transfer.
It has long been thought that Rop increases the bend angle of the R1inv-
R2inv complex upon binding, but this has never been directly observed. In
contrast, we find an increase in FRET upon the addition of Rop that is
shown via modeling to be consistent with a decrease in the bend angle of
the complex of −15◦ ± 7◦. The model predicts FRET from dye trajectories
generated using molecular dynamics simulations of Cy3 and Cy5 attached
to 5′ terminal cytosine or guanosine on RNA. While FRET is commonly
used to observe global changes in molecular structure attributed to changes
in the distance between dyes, it is rarely, if ever, used to elucidate angular
changes. Subtle global changes in molecular structure upon binding are
generally difficult to discern using NMR or crystallography, but FRET is
well suited to observe these changes because of its sensitivity at interdye
distance around the Fo¨rster radius, RF ≈ 5 nm. While FRET is often
referred to and used as a “molecular ruler” for distances around RF , for
dye pairs that have minimal rotational freedom, FRET can also be used
to observe changes in structure for which there is no significant change in
distance between the dyes. This is the case for the R1inv-R2inv kissing
complex studied here. This complex is derived from the RNA I - RNA II
complex in E. coli. RNA II is a primer for replication of the ColE1 plasmid;
its function is modulated by interaction with RNA II. Rop is known to
stabilize the complex, and it is also known to bind kissing complexes in a
structure, but not sequence, dependent fashion.
Key words: Regulatory RNA; short RNA; antisense RNA; single molecule;
FRET; single-molecular-pair FRET; spFRET; kappa; kappa squared, ColE1,
loop-loop interactions, Rom, Rop
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Introduction
RNA stem-loops, consisting of a double-helical stem and single-stranded
loop, frequently serve as latches that initiate RNA binding. The stability
and flexibility of the resulting loop-loop “kissing” complex, and structural
transformations that often ensue from this intermediate state, modulate the
function of the RNA. The regulation of replication of the ColE1 plasmid in
E. coli (1) is a seminal example in which replication of the plasmid requires
an RNA primer (RNA II) whose function is modified by interaction with
an antisense strand (RNA I) that is also encoded by the plasmid. This
interaction is mediated by three separate loop-loop interactions between
the strands (2). The stability of these transient complexes, and therefore
the function of the primer, can be modulated by protein binding. Rop,
also called Rom, is a protein encoded by the ColE1 plasmid that is known
to bind and stabilize kissing complexes against dissociation. Rop acts to
suppress replication of the plasmid by stabilizing the intermediate RNA I -
RNA II complex, preventing RNA II from forming a DNA hybrid required
for replication (2).
The complex used in this study, Fig. 1(a), consisting of R1inv and R2inv
stem loops, is derived from the R1-R2 kissing complex of the RNA I - RNA
II system (2); it has been previously used as structural model for under-
standing kissing interactions and Rop binding (3, 4). With respect to the
wild-type system, the R1inv and R2inv loops are inverted, giving the kissing
complex a dissociation constant 10000 times smaller than wild type (5, 6);
this enhanced stability is convenient in structural studies (3–5). On the other
hand, the equilibrium dissociation constant for Rop binding is known to be
similar in the inverted and wild-type (wt) systems (6, 7). For the inverted
complex, denoted R1inv-R2inv, we measure this dissociation constant to be
33.2±17 nM, discussed below. This is consistent with earlier measurement
of 60 ± 24 nM (8) and 45 nM (6). NMR data provides local constraints for
R1inv-R2inv that are consistent with a global bend of the complex (3); eight
energy-minimized kissing structures (4) have been identified, Fig. 1(b).
Rop is a homodimer of 63 residues (9) forming a four-helix bundle,
Fig. 1(c), that is known to bind to and stabilize RNA kissing complexes in
a structure-dependent, but not sequence dependent, fashion: it binds com-
plexes with 6, 7, or 8 nucleotides in their loops, (7) but does not bind linear
duplex RNA or RNA hairpins (5, 6). The bend angle of the kissing complex
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is therefore thought to play a role in Rop binding. However, the effect of
Rop binding on the global structure of a bound complex has previously been
observed only indirectly, through circular permutation assays (10) that rely
on the different gel mobilities of bent RNA. The results of these assays were
consistent with a bend angle of 45 degrees for the unbound complex and 60
degrees for the bound complex (3).
We use single-molecule-sensitive FRET to show that there is indeed a
change in the structure of the R1inv-R2inv complex upon Rop binding. In
contrast to NMR, FRET is useful only for global changes in structure, and
achieves its maximum sensitivity as a “molecular ruler” near the Fo¨rster
radius, RF , which is typically around 5 nm. Furthermore, cyanine dyes
attached to terminal 5′ cytosines have been shown to stack on the end of
RNA (11). Exploiting both the distance and orientation dependence of
FRET, we show that Rop binding does not significantly change the end-to-
end distance of the RNA complex, and that the observed change in FRET
is consistent with a change in bend angle of approximately -15 ◦ ± 7 ◦.
Materials and Methods
Sample Preparation
RNA and dye-labeled RNA were purchased from Integrated DNA Technolo-
gies (IDT). RNA strands at 12 µM were heated for 3 minutes at 93 ◦C, then
snap cooled on dry ice for 3 minutes to form the hairpins. To form kissing
complexes, the R1inv hairpins (2.4 µM) were combined with R2inv hairpins
(3 µM) in 20 mM Tris buffer, 100 mM NaCl and 5 mM MgCl2 and then
incubated for 30 minutes on ice. For FRET measurements, this solution was
diluted again to a final concentration of 200 pM R1invCy3-R2invCy5, after
which Rop was added. The final solution contained 20 mM Tris buffer (pH
7.8) with 100 mM NaCl and 5 mM MgCl2. To minimize photobleaching
and blinking of fluorophores, 15 nM protocatechuate3,4-dioxygenase (PCD)
and 5 mM protocatechuic acid (PCA) were added as an enzymatic oxygen
scavenger system (12) and methylviologen (MV) was added as part of the
reducing and oxidizing system (ROXS) (13).
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Two distinct complexes were used in this study, differing only in the
terminal base-pair. The R1inv-R2inv complex of Fig. 1(a) has 5′ guanosines
to which Cy3 and Cy5 were attached. Cyanine dyes stack best on RNA
when attached at terminal 5′ cytosine (11), so we also made use of RNA
that was identical to the complex of Fig. 1(a), except that the 3′ and 5′
bases were swapped. We refer to this complex as R1inv-R2inv-C.
Gel Shift Assay
An electrophoretic mobility shift assay was performed using a 15% (0.15
g/mL) polyacrylamide gel as described by Predki et al.(7). The gel was run
at 20 mA in a 1x TBM buffer (89 mM Tris at pH 8.3, 89 mM boric acid
with 5 mM MgCl2). Ethidium bromide was used for staining the gel and
visualizing the bands. RNA samples were prepared as above except at final
RNA and Rop concentrations discussed in the text.
Single-Molecule-Sensitive FRET
Single molecule-sensitive FRET measurements and fluorescence correlation
spectroscopy (FCS) measurements were done using a homebuilt confocal mi-
croscope (14) with 514 nm excitation from an argon-krypton laser at 60 µW
entering the scope. Emitted donor and acceptor photons were detected using
two avalanche photodiodes (MPD τ -SPAD) and homemade photon timing
circuitry based on an FPGA (14). The proximity ratio, which is related to





where Ia (Id) is the number of acceptor (donor) photons in a 5 ms bin.
Proximity ratio histograms were obtained by applying a threshold of 25
photons to the sum of donor and acceptor counts in each bin; only bursts
above the threshold were used to construct the histograms.
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Fluorescence Lifetime Measurements
Fluorescence lifetime data were acquired using an 80 MHz femtosecond
Ti:Sapphire laser (Tsunami, Spectra physics) tuned to a center wavelength of
514 nm. Data were acquired using a photon-counting detector (MPD PDM
series) and time correlated single photon counting (TCSPC) electronics (Pi-
coquant PicoHarp 300). Instrument response functions (IRFs) were deter-
mined using the water Raman lines and the same excitation and emission
filters used for donor-lifetime measurements. Donor lifetime measurements
were acquired for both donor-only and donor-acceptor labeled samples with
10 nM RNA and various Rop concentrations. A nonlinear least-squares fit
to the data that incorporated the IRF into the model was used to disinguish
between and evaluate single, double, and triple exponential decays of the
fluorescence.
Bend Angle and Twist Angle
In determining bend angle and twist angle we used the nucleic acid con-
formational analysis program, Curves+ (15). Curves+ has the capability
of finding a global curvilinear helical axis. A bent helical axis obtained by
the program is shown in Fig. 1(d). The bend angle is defined as the angle
between the first and last segment of the helical axis: a bend angle of zero
corresponds to a linear duplex. For twist angle calculation the cumulative
sum of all the twist angles between base pairs was determined. Sum of twist
angles modulo 360◦ gives the number of complete turns along the helix.
The reported twist angle for R1inv-R2inv kissing complex corresponds to
the amount the helix deviates from 1.5 turns.
MD simulations
Molecular dynamics simulations used in modeling FRET, below, were gen-
erated as described in Ref. (11). Trajectories for Cy3 and Cy5 attached
to 5′ terminal C or G were extracted from 300 ns runs of a 16 base-pair
RNA duplex with appropriately attached dyes. Simulations were performed
using Amber 11 and AmberTools 1.4 (16) with the FF99SB force field (17).
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TIP3P water was used with 22 Na+ ions giving a concentration of about
160 mM. More information can be found in Ref. (11).
Results
Experimental
The binding of Rop to R1inv-R2inv was confirmed using an electrophoretic
mobility shift assay, shown in Fig. 2. Lane 1 contains duplex DNA (10 bp
DNA ladder from Promega) from 10 bp to 100 bp. Lanes 8 and 9 contain
2 µM of R1invCy3 and R2invCy5 hairpins separately. All the other lanes
contain 1 µM of R1inv-R2inv complex with Rop concentration ranging from
0 µM to 250 µM. A clear shift attributed to Rop binding is evident in lanes
6 and 7 at Rop concentrations of 100 µM and 250 µM respectively. Some
evidence of binding is also noted in lane 5 at 10 µM. Rist and Marino (8)
measured an equilibrium constant for the R1inv-R2inv/Rop interaction of
60 ± 24 nM; gel shift assays result in much higher apparent dissociation con-
stants (7) presumably due to instability of the complex under electrophore-
sis, but are still useful to confirm binding.
Single molecular-pair FRET (spFRET) was used to investigate the struc-
tural changes of the R1inv-R2inv complex. These experiments were substan-
tially informed by our prior work regarding the behavior of dyes attached to
the 5′ terminus of double-stranded RNA (11). MD simulations performed
on dye-labeled RNA indicated that indocyanine dyes tethered by a short
linker to a 5′ terminal guanosine visit several sites on the RNA, whereas the
same dyes attached to a 5′ cytosine remain near a position in which the dye
is “stacked” on the end of the RNA duplex. The R1inv-R2inv complex of
Fig. 1(a) has 5′ guanosines to which Cy3 and Cy5 were attached. To make
better use of the sensitivity of FRET to changes in dye orientation, we also
studied R1inv-R2inv-C, in which the terminal base-pair on the stem of each
hairpin was flipped, so that the 5′ terminal base in both cases is a cytosine
instead of guanine. Rop binding is known to depend only on the structure
of the kissing interface and nearest bases (2) and is not sensitive to changes
in the terminal base pair.
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The results of single-molecule-sensitive FRET measurements on freely-
diffusing R1inv-R2inv-C show a small but clear shift in the average prox-
imity ratio with increasing Rop concentration. Typical results are shown
in Fig. 3(a). A small peak due to donor-only labeled molecules has been
removed from the proximity histograms. The single remaining peak was
fit to a Gaussian with mean 〈P 〉 and standard deviation σp; fit results are
given in Table 1. In Fig. 3(a) the labeled RNA complex is present at a nom-
inal concentration of 100 pM, and Rop when present is at 10 nM, 100 nM,
1 µM, 10 µM and 50 µM. These Rop concentrations nominally correspond
to bound fraction of RNA from 14% to greater than 99%. Without Rop
present, two separate measurements gave 〈P 〉 = 0.504 ± 0.002 [shown as
the grey vertical line in Fig. 3(a)] and 〈P 〉 = 0.495 ± 0.002. These two
measurements were taken at the beginning and end of data acquisition to
check for instrument drift: they show a small drift in the direction opposite
the noted shift with Rop. Similar results were obtained upon repetition of
this measurement with R1inv-R2inv-C at 200 pM. In contrast, there was no
significant change in the FRET distribution of the R1inv-R2inv duplex at
200 pM with 5′G attached dyes upon the addition of Rop, Fig. 3(b).
Table 1: Results of fits to the data of Fig. 3. 〈P 〉 is the mean and σp is the
standard deviation of the proximity ratio histogram for the R1inv-R2inv-
C complex or the R1inv-R2inv complex at different concentrations of Rop.
The standard deviation attributable to shot-noise alone, σsn, and the total
number of bins under each peak, N , are also given.
R1inv-R2inv-C R1inv-R2inv
[Rop] (µM) 〈P 〉 σp σsn N 〈P 〉 σp σsn N
0 0.504 ± 0.002 0.111 ± 0.002 0.086 3014 0.606 ± 0.004 0.099 ± 0.003 0.087 839
0.01 0.510 ± 0.003 0.103 ± 0.002 0.086 2321 - - - -
0.1 0.520 ± 0.003 0.103 ± 0.002 0.084 1795 0.614 ± 0.003 0.097 ± 0.002 0.086 1095
1 0.527 ± 0.003 0.105 ± 0.002 0.084 1663 0.610 ± 0.004 0.100 ± 0.003 0.086 977
10 0.534 ± 0.003 0.099 ± 0.002 0.084 1339 0.616 ± 0.004 0.094 ± 0.003 0.086 772
50 0.537 ± 0.004 0.105 ± 0.003 0.084 862 0.616 ± 0.004 0.089 ± 0.003 0.084 619
0 0.492 ± 0.003 0.114 ± 0.002 0.088 1883 0.603 ± 0.006 0.095 ± 0.004 0.084 371
Single Gaussian fits to the histograms of Fig. 3 (solid lines) gave val-
ues for the average proximity ratio 〈P 〉 and the standard deviation of the
distribution, σp, which are given in Table 1. For R1inv-R2inv with 5
′G at-
tached dyes, the width of the distribution is close to shot-noise limited. For
R1inv-R2inv-C, the width of the proximity ratio histogram is clearly larger
than would be expected from shot-noise (18). This is typical for the Cy3-
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Cy5 dye pair; Cy5 is known to have isomers and these are believed to be
the cause of additional broadening of the FRET histograms (19). However,
there is weak evidence for a small but systematic reduction in width with
the addition of Rop to R1inv-R2inv-C. It is therefore possible that at least
some of the width observed in the FRET histograms is due to structural
heterogeneities of the RNA kissing complex. A broadening of the prox-
imity histogram would require the structural sub-species to have lifetimes
longer than the interphoton arrival time, typically 20-200 µs here. If this
is indeed the case, then Rop binding might suppress some structural sub-
species, which would be consistent with both a narrowing and a shift in the
FRET distribution. The narrower width of the R1inv-R2inv-G data would
also seem to support this idea: Because the dyes attached to 5′ terminal G
switch between different orientational states on a time scale comparable to
their fluorescence lifetimes, any subtle angular changes in the RNA kissing
structure should be washed out by the relatively fast and large angular mo-
tion of the dyes. Both the average vlalue of FRET, and width of the FRET
distribution, might then reflect the motion of the dyes more than any change
in the structure of the R1inv-R2inv-G complex.
The average proximity ratio as a function of Rop was used to determine
the dissociation constant for Rop binding: kd = 33.2± 17 nM, in agreement
with prior measurements (8). The data and resulting fit, using a single
site equilibrium binding equation (8, 20) are shown in Fig. 4. For the two-
parameter fit, the value of 〈P 〉 measured at zero Rop concentration was fixed
at the mean value of the two data points, 〈P 〉 = 0.498. A total increase of
6.6 ± 0.8%, to 〈P 〉 = 0.532 ± 0.002, is observed upon Rop binding for the
data of Fig. 3(a). A second run with R1inv-R2inv-C at 200 pM gave similar
results, with a shift in 〈P 〉 of 9.4 ± 0.8%.
To rule out artifacts that might be associated with Rop-dependent dye
photophysics, we used fluctuation correlation spectroscopy (FCS) on donor-
only and acceptor-only labeled RNA. FCS data were acquired under the
same conditions as FRET data, except that R1inv-R2inv-C was labeled with
either Cy3 on R1inv or Cy5 on R2inv but not both. No significant change
in kinetic terms attributed to dye photophysics (triplet and isomerization
lifetime and amplitude) was observed as a function of Rop concentration.
FCS was also used in an attempt to investigate binding of Rop to the
R1inv-R2inv-C labeled with both donor and acceptor. We found no evi-
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dence for contribution of another kinetic term that might be attributed to
Rop binding: however, even if there are kinetics on a timescale suitable for
observation with FCS, the small change in donor brightness necessary to
account for a 6.6% change in FRET efficiency may be too small to measure.
There was also no clear evidence of a change in diffusion time upon Rop
binding. Given the small size of Rop, this is also not surprising.
Because the shift in 〈P 〉 was small, and to further exclude photophysical
artifacts, we also measured the lifetime of Cy3 on doubly-labeled and singly-
labeled (donor-only) R1inv-R2inv-C as a function of Rop concentration. The
change in lifetime between doubly-labeled and singly-labeled RNA gives the
FRET efficiency using (21) 〈E〉 = 1 − τDAτD , where τDA is lifetime of donor
in presence of acceptor and τD is lifetime of donor in absence of acceptor.
Lifetimes measured from fitting a two component exponential decay curve
to the singly-labeled R1inv-R2inv-C data without Rop present, results in
fluorescent lifetimes of 1.074 ± 0.003, and 0.334 ± 0.006 ns with respective
amplitudes of 62% and 38% (shown in Fig. 5(a)). The two component
exponential fit to the doubly-labeled kissing complex in the absence of Rop
results in fluorescent lifetimes of 0.937 ± 0.004, and 0.334 ± 0.005 ns with
respective amplitudes of 55% and 45%. Two lifetime components were both
necessary and sufficient to describe the data. FRET efficiencies as a function
of Rop concentration, determined using the longer of the two lifetimes, are
shown in Fig. 5(b). Fitting the data in Fig. 5(b) with a binding curve, shows
a 4.7 ± 0.1% increase in FRET upon Rop binding. We make no attempt
to find kd using this fit: instead we fix kd = 33.2 nM as determined from
the proximity ratio measurement. The free parameters in this fit were the
values of FRET at 0 and 10 µM concentration of Rop. That the shift in
FRET determined in this way is slightly smaller than what was measured
using the proximity ratio might be explained by our inability to exclude or
account for donor-only contributions to the lifetime data: The small shift
in lifetime makes it impossible to distinguish a donor-only population using
this technique, and the main effect of such a population, which was typically
below 27%, would be to increase the value of τDA and thereby decrease the
apparent change in FRET. The small value of FRET, the small shift in
FRET, and the presence of the donor-only peak also explains why a change
in the shorter of the two fluorescent lifetimes is unobservable upon addition
of Rop.
Note that the average FRET efficiency and the average proximity ratio
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are related by (18) 〈E〉 = 〈P 〉 /[〈P 〉+γ(1−〈P 〉)], from which we have γ ≈ 6.8
for our system.
Modeling
To model the data, we make use of our prior study of indocyanine dyes at-
tached to RNA (11). In that study, 300 ns MD trajectories of Cy3 and Cy5
attached to 5′ terminal guanine and 5′ terminal cytosine on 16 base-pair
RNA duplexes were acquired with 1 ps resolution. To make use of these
trajectories, we mapped the coordinates of the dyes with respect to the ter-
minal base-pair from the duplex to a proposed static kissing structure at
each time step. This process gave trajectories for the interdye distance R
and the relative orientation between the dyes due to motion of the dye and
linkers. The fluctuations of the RNA about the minimized structure are ig-
nored; this description should be adequate in the case that these fluctuations
are fast compared to the lifetime of the donor dye (≈ 1 ns) and correlations
between changes in R and κ2 are negligible. The orientational dynamics of
the dyes on the RNA can not be treated in this rapidly-fluctuating limit
(11) and so are dealt with explicitly using this model.
The relative orientation of the dyes is described by κ = (µˆ1 · µˆ2) −
3(µˆ1 · Rˆ)(µˆ2 · Rˆ), where µˆ1 and µˆ2 are the dye transition dipoles and Rˆ
is the displacement from donor dye to acceptor dye. From the R and κ2
trajectories, we determine kET = kD(
RF
R )
6, the rate of energy transfer at
each 1 ps time step, where RF
6 is proportional to κ2 and kD is the decay
rate of donor fluorescence. This rate trajectory is then used to calculate
the average value of FRET by repeated integration over segments of the
trajectory (18, 22):










[kD + kET (τ)] dτ)
〉
. (3)
We applied this technique to find 〈E〉 for each of the eight minimum
energy structures determined by Lee and Crothers (4). The results, which
were generated using R0 =
6
√
2/3κ2RF = 5.8 nm, are given in Table 2.
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For both R1inv-R2inv-C and R1inv-R2inv complexes there is a distinct
correlation between 〈E〉 and 〈κ2〉 with Pearson’s coefficients of 0.89 and 0.88
respectively, Fig. 6(a), and a smaller correlation between 〈E〉 and R with
coefficients of 0.36 and 0.44, respectively, Fig. 6(b). The correlation with κ2





= 2/3: this is as expected from our previous work (11).
The difference in FRET between the R1inv-R2inv-C and R1inv-R2inv
is more subtle and can be attributed to the details of the differences in the
distributions and dynamics of κ2 for the two molecules. For R1inv-R2inv-C,
the dyes favor a single stacked location on the ends of the RNA. This gives
rise to a distinct correlation between 〈E〉 and bend of the complex, with
Pearson’s coefficients of -0.76, Fig. 6(c), that most likely explains the shift
in FRET upon Rop binding. There is no correlation with twist, but this
may be because the twist of the eight structures does not vary by much and
the apparent Pearson’s coefficient is 0.04. Fig. 6(d).
For the R1inv-R2inv complex, the Pearson’s coefficients for change in
〈E〉 with bend and twist are 0.5 and 0.2, respectively. The correlation
between 〈E〉 and twist angle is again negligible, and the correlation with
bend is substantially smaller than for R1inv-R2inv-C. This is expected from
MD simulations that show 5′-terminal-G attached dyes switching between
angular configurations on a time scale comparable to, or slightly longer than,
the fluorescent lifetime of the donor (11), thereby reducing the sensitivity
of FRET to changes of bend in the RNA complex. The motion of the dyes
manifests itself as a smaller correlation with bend of the complex that most
likely accounts for the absence of any measurable change in 〈P 〉 upon the
addition of Rop for the R1inv-R2inv complex.
For both 5′G and 5′C labeled RNA, the fluctuations in distance of the
dyes from the end of the RNA are small and fast. Given that the Pearson’s
coefficient between 〈E〉 and R are similar for R1inv-R2inv-C and R1inv-
R2inv, we would expect that any significant distance change would con-
tribute to a change in FRET for both complexes. That we cannot measure
a change in FRET for R1inv-R2inv is consistent with an unmeasurably small
change in end-to-end distance upon Rop binding.
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Table 2: Results of modeling FRET for each of the eight minimized energy
RNA structures.
R1inv-R2inv-C R1inv-R2inv
structure bend angle( ◦) twist angle( ◦) 〈R〉 〈κ2〉 〈E〉 〈R〉 〈κ2〉 〈E〉
1 96 4.4 51.5 0.17 0.29 49.8 0.13 0.31
2 82 -2.4 53.7 0.22 0.28 52.2 0.21 0.36
3 71 4.1 52.5 0.22 0.32 50.9 0.07 0.19
4 66 9.8 55.5 0.36 0.40 53.9 0.23 0.32
5 86 5.9 53.8 0.19 0.30 52.2 0.16 0.29
6 49 -1 51.9 0.25 0.36 50.3 0.09 0.24
7 64 -12.8 53.0 0.23 0.34 51.7 0.12 0.25
8 83 5.1 53.3 0.17 0.27 51.9 0.16 0.29
Discussion
The modeling results above are for the kissing complex in the absence of Rop,
and were designed to explore how a change in bend or twist might affect a
measured change in energy transfer: The eight minimized states identified
in Ref. (4) make a convenient set of states for exploring this dependence.
Modeling the binding of Rop to RNA is beyond the scope of this work.
Instead, using the eight minimized states, we found that an increase in
FRET is correlated with a decrease in the bend angle of the kissing complex
if the dyes are stacked on the ends of the RNA (shown as filled circles in
Fig. 6(c)). Assuming that the entire change in FRET is due to a change in
bend angle, and further assuming a linear relationship between bend angle
and FRET, we fit a straight line to the result for 〈E〉 vs bend angle shown in
Fig. 6(c) for R1inv-R2inv-C. The change in the bend angle corresponding to
the measured 6.6% change in FRET is -15 ◦ ± 7 ◦. The stated uncertainty
is calculated from the uncertainty in the slope of the linear fit shown in
Fig. 6(c), and the uncertainty in the shift in FRET from the binding curve
fit of Fig. 4. A more complete model would use MD simulations of the entire
complex, including the dyes, with the measured FRET data as a constraint.
This has yet to be done and is beyond the scope of this work, but it is a
clear next step and would provide a global constraint on the structure to
complement the local constraints provided by NMR data.
Change in Bend Angle of an RNA Kissing Complex 13
Our results are in disagreement with the conclusions of Ref. (3). In
that work, a circular permutation assay was used to investigate bend angle,
and the results were consistent with an increase in the bend angle about
15 ◦ upon Rop binding. Cyclization assays rely on the assumption that
the change in RNA mobility in the gel is affected by bend angle and only
bend angle. If, for example, the mobility was a function of RNA flexibility
rather than bend angle, and if the flexibility of a Rop-bound structure was
different from that of a Rop-free structure, then the results for bend angle
could be erroneous. On the other hand, our measurements represent the
first attempt at a model-based validation of a bend-angle measurement. It
should therefore not be too surprising that the results disagree qualitatively
with cyclization assays.
Finally, it is worth noting that the modeling results for 〈E〉 are higher
than those found by lifetime measurements. This does not invalidate the
conclusions of this work, in which we are looking to explain changes in
FRET that occur with the addition of the Rop. Differences between the
modeled and measured values of 〈E〉 can be attributed to several factors.
First, our choice of R0 = 5.8 nm in the model could be incorrect; in partic-
ular, a lower value of R0 would give modeling results closer to the results
measured using fluorescence lifetime. Second, our model is dramatically lim-
ited by the use of static RNA structures. This choice was necessary here and
designed to elucidate how FRET is affected by global changes in structure,
but the addition in this model of fluctuations within or between states would
certainly modify the predicted value of FRET. Third, the present model ig-
nores transitions of τD, the fluorescent lifetime of the donor dye, or changes
in the quantum yield of either dye, that might arise from the different dye
configurations on RNA: however, we showed previously that for a 16 base-
pair duplex, the change in the modeled value of 〈E〉 when multiple donor
lifetimes were included was negligible (11). We expect a similar situation
here.
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Figure 1: (a) Secondary structure for R1inv and R2inv. (b) Tertiary struc-
ture for the eight minimized-energy R1inv-R2inv complexes (PDB 1bj2) (4).
(c) Tertiary structure for Rop (PDB 2ijk) (9). (d) Average structure for
R1inv-R2inv (PDB 2bj2), helical axis is shown with a red curved line.



























































Figure 2: Electrophoretic gel demonstrating the binding of Rop to the RNA
loop-loop complex. The first lane is a DNA ladder. Note that R1inv is
labeled with Cy3 and R2inv with Cy5, and the gel is stained with ethidium
bromide, which may account for the apparently brighter signal from R1inv
at nominally the same concentration.
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Figure 3: Proximity ratio histograms for (a) R1invCy3-R2invCy5-C kissing
complex and (b) R1invCy3-R2invCy5 kissing complex at various Rop con-
centrations from 0 to 50 µM. The threshold for inclusion in the histogram
is 25 photons in a 5 ms bin.The black curves are the best fits of a Gaussian
to the data. The vertical line represents the 〈P 〉 for the data with no Rop
in the top panel. A small but distinct shift in FRET is apparent with the
addition of Rop in (a) but not in (b). The data are displayed in the order
they were taken: to check for drift, data with no Rop were acquired at the
beginning and end of the sequence.
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Figure 4: Proximity ratio for 100 pM R1inv-R2inv-C at different concentra-
tions of Rop (squares). Solid line shows the best fit binding curve, giving kd
of 33.2±17 nM and a change in 〈P 〉 of 0.034±0.004. For fitting, 〈P 〉 at zero
Rop was fixed at the average of the two measurements.
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(b)
(a)
Figure 5: (a) Lifetime data taken on Cy3 labeled R1inv-R2inv-C kissing
complex at zero Rop concentration. Red solid line is the fit of a two compo-
nent exponential to the data, resulting in lifetimes of 1.074 ± 0.003 ns, and
0.334 ± 0.006 ns. (b) FRET determined as described in the text from the
lifetime of Cy3 on singly-labeled and doubly-labeled Rinv-R2inv-C kissing
complexes as a function of Rop concentration. The solid line is the result
of a two parameter fit of a binding curve to the data; here the dissociation
constant was fixed, kd = 33.2 nM, and the change in FRET was extracted
from the fit.
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(a) (b)
(c) (d)
Figure 6: Results of modeling of the R1inv-R2inv-C complex with dyes
attached to the 5′ terminal C (filled circles), and the R1inv-R2inv complex
with dyes attached to the 5′ terminal G (open circles). The panels show
the predicted dependence of FRET efficiency on (a) κ2 , (b) R, (c) bend
angle and (d) twist angle. The line in (c) is a linear fit to the 5’C data,
corresponding to the R1inv-R2inv-C complex.
